Introduction
Malaria pathogenesis is characterized by the infection and destruction of erythrocytes by proliferating plasmodium parasites, resulting in the release of heme moieties in the bloodstream. Heme is cytotoxic to plasmodium, which converts it to an insoluble crystalline form called hemozoin (malaria pigment) in erythrocytes. In severe cases such as cerebral malaria (CM), parasitized red blood cells (pRBCs) in brain microcirculation are sequestered by adhering to other pRBCs and to microvascular endothelial cells (ECs) to evade splenic clearance of parasites. The pRBCs damaged by proliferation of erythrocytic stages of parasites release cytotoxic heme, which induces deleterious responses, including inflammation, activation, and apoptosis of microvascular ECs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In individuals with Plasmodium falciparum-induced CM, a combination of these factors disrupts the super structure of the blood-brain barrier, resulting in leakage into brain parenchyma. Subsequently, apoptosis occurs in ECs and in contiguous neuronal and glial cells. Recent studies in our laboratory and others demonstrate the increasing importance of elevated plasma concentrations of free heme as a key inducer of inflammation and damage to the host microvascular endothelium as well as the mortality associated with fatal CM. 13, 14 Heme induces human brain vascular endothelial cell submit your manuscript | www.dovepress.com
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liu et al (HBVEC) apoptosis that correlates with its concentration in plasma in a dose-dependent manner. Since brain microvascular ECs are key components of the blood-brain barrier and are severely disrupted during CM pathogenesis, we hypothesized that heme (at clinically relevant levels) induces inflammation and apoptosis in HBVEC and is mediated by independent proinflammatory and proapoptotic signaling pathways. Our goal was to utilize a surrogate in vitro system to investigate the mechanism underlying the apoptotic and inflammatory effects of heme on brain microvascular ECs.
Materials and methods antibodies and reagents
Antibody against FasL was purchased from Cell Signaling; antibodies against tumor protein p73 (TP73) and BCL-2 were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Antibody to β-actin used for Western blot was obtained from Sigma-Aldrich Co. (St Louis, MO, USA). All secondary antibodies used for Western blot were purchased from EMD Millipore (Billerica, MA, USA). Hemin was purchased from Frontier Scientific, Inc. (Logan, UT, USA).
cell culture and sirna transfection
HBVECs (BioWhittaker, Walkersville, MD, USA) were cultured at 37°C with 5% CO 2 in endothelial basal medium-2 (Lonza) supplemented with 5% fetal bovine serum (American Type Culture Collection [ATCC], Manassas, VA, USA), growth factors, and other supplements including human recombinant epidermal growth factor, hydrocortisone, GA-100 (Gentamicin, Amphotericin-B), human recombinant vascular endothelial growth factor (VEGF), recombinant human fibroblast growth factor-B, recombinant long R insulin-like growth factor, ascorbic acid, heparin, 100 U/mL of streptomycin, and 100 U/mL of penicillin (Lonza). The cells were harvested and passaged at ~70%-90% confluence as described earlier. 15 HBVECs (2×10 5 cells/mL) were seeded in 35 mm tissue culture dish and incubated at 37°C in 5% CO 2 for 24-48 hours for future use.
Small interfering RNA (siRNA) duplexes of p73 were designed and purchased from Santa Cruz Biotechnology Inc. A scrambled siRNA with no homology to any known sequences was used as control. Serum-starved HBVEC cells were transfected with 100 nM specific siRNA or control using Lipofectamine 3000 reagent (Thermo Fisher Scientific, Waltham, MA, USA) in a serum-free Opti-MEM1 medium (Thermo Fisher Scientific) according to the manufacturer's instruction. After 48 hours of transfection, HBVEC cells were treated with heme for another 24 hours.
Western blotting
Cells were lysed with lysis buffer (50 mm 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES] , 150 mm NaCl, 1.5 mm MgCl 2 , 1 mm ethylene glycol tetraacetic acid, 10% glycerol, 1% Nonidet P-40, 100 mm NaF, 10 mm sodium pyrophosphate, 0.2 mm sodium orthovanadate, 1 mm phenylmethylsulfonyl fluoride, 10 µg/mL aproptinin, and 10 µg/ mL leupeptin). Samples were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, and separated proteins were transferred to nitrocellulose membranes and identified by immunoblotting. Primary antibodies were obtained from commercial sources (these antibodies were diluted at the ratio of 1:1,000 according to the manufacturer's instruction), while secondary antibodies included horseradish peroxidase-conjugated antirabbit and antimouse antibodies obtained from Calbiochem. 
real-time reverse transcriptionpolymerase chain reaction analysis
Cell pellets were stored in Trizol reagent and homogenized in fresh Trizol. Total RNA was isolated from cells using an RNeasy Mini Kit (Qiagen NV, Venlo, the Netherlands). Total RNA was quantified using the Nanodrop N-1000 by Agilent Technologies (Santa Clara, CA, USA). cDNA was synthesized from the isolated RNA using iScript cDNA synthesis kit (BioRad Laboratories Inc.). Reverse transcription was performed by using random hexamers at 25°C for 5 minutes, 42°C for 30 minutes, and 85°C for 5 minutes. Quantitative polymerase chain reaction (qPCR) was performed using iQ SYBR Green Supermix (Bio-Rad Laboratories Inc.) in a CFX96 Real-Time PCR System machine (Bio-Rad Laboratories Inc.). The data were analyzed using CFX96 Real-Time PCR System. Primer sequences for the genes are described in Table 1 .
Immunofluorescence staining
HBVECs (2×10 5 cells/mL) were seeded in 35 mm tissue culture dish and incubated at 37°C in 5% CO 2 for 24 hours. Cells grown in monolayer cultures were fixed with 4% paraformaldehyde in phosphate-buffered saline, permeabilized with 0.2% Triton X-100, and blocked with 10% goat serum prior to antibody staining. For terminal deoxynucleotidyl Drug Design, Development and Therapy 2016:10 submit your manuscript | www.dovepress.com
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heme-mediated signaling pathways in endothelial apoptosis transferase dUTP nick end labeling (TUNEL) assay, the in situ cell death detection kit (TMR red; Boehringer Mannheim, Mannheim, Germany) was used. The cells were incubated with the TUNEL reaction solution for 60 minutes at 37°C in the dark. Cover slips were mounted onto slides with Vectashield mounting medium with 4′,6-diamidino-2-phenylindole dihydrochloride (H-1200; Vector Laboratories, Inc.; Burlingame, CA, USA). Fluorescent images were collected by using a Zeiss LSM510 confocal microscope, and images were captured with LSM software, Version 2.3 (Carl Zeiss Meditec AG, Jena, Germany).
rT 2 profiler PCR array
HBVECs were serum starved for 24 hours followed by treatment with 30 µM heme or with vehicle (as control). Total RNA was extracted and subjected to cDNA synthesis and then underwent RT 2 profile PCR array assay. Briefly, total RNA extraction was performed using the RNeasy Mini Kit as described earlier. The first-strand cDNA synthesis was performed using an RT 2 First-Strand cDNA Synthesis kit (Qiagen NV) and 2,000 ng of total RNA. cDNA was processed according to the manufacturer's protocol. Briefly, the cDNA template was combined with RT 2 Real-Time SYBR Green Master Mix and RNase-free water. A final reaction volume of 25 µL was added to each well of the human apoptosis signaling pathway PCR array (PAHS-012Z; SABiosciences; Valencia, CA, USA). Finally, pathway focused on mRNA was amplified following the manufacturer's protocol. Housekeeping genes and reverse transcription and positive controls were included in this format. Reverse transcription-PCR data analysis was performed as follows: alterations in mRNA transcript levels at 24 hours with heme-treated and control (without heme treated) groups were initially analyzed using SABiosciences webportal software (http:// www.sabiosciences.com/pcrarraydataanalysis.php). Fold changes were calculated, and P-values were calculated using Student's t-test. A P-value ,0.05 and a fold change .2.0 were considered to be a significant dysregulation.
Results
heme induces apoptosis in hBVecs
To determine whether heme causes apoptosis of HBVECs, we performed TUNEL assay on HBVECs when the cells were treated with 30 µM of heme for 24 hours as described previously. 13, 14 To avoid the effects of heme and other factors in commercially acquired serum, we starved the cells with serum-free medium before treatment of heme to maximize the effects of heme. We then randomly chose ten fields to count the TUNEL-positive cells in slide using a 20× microscope objective. Apoptotic indices (% of TUNEL-positive cells/ total cell nuclei ×100) were calculated after counting cells under a fluorescence microscope. 16, 17 The apoptotic cells were found to be increased by heme treatment ( Figure 1 ) using TUNEL assay. This indicated that heme induces apoptosis in HBVEC. We next determined which apoptotic signaling pathways are involved during this process.
analysis of heme-induced apoptotic genes (mrna) involved in hBVec programmed cell death using real-time rT 2 profile PCR arrays
HBVECs were serum starved for 24 hours followed by treatment with 30 µM of heme or with vehicle (as control). Total RNA was extracted and subjected to cDNA synthesis and then underwent RT 2 profile PCR array assay. To avoid the effects of heme and other factors in serum, we starved the cells with serum-free medium before treatment of heme to maximize the effects of heme. Apoptotic gene expression profiles induced upon heme treatment on HBVECs were assessed using real-time RT 2 profile PCR arrays (PAHS-012Z). The results of real-time RT 2 profile PCR array analysis are expressed as the fold changes in expression obtained by comparing HBVECs treated with heme or with vehicle as control. Figure 2A shows a list of upregulated and downregulated genes with a fold change .2 (a P,0.05 was considered to be significantly different). The upregulated genes include C-abl oncogene 1; nonreceptor tyrosine kinase (ABL1); BCL-2-like 10, apoptosis facilitator (BCL2L10); BCL-2/adenovirus E1B 19 kDa interacting protein 3 (BNIP3); caspase-3; Total RNA was extracted and synthesized to cDNA and then subjected to the human apoptosis signaling pathway PCR array (PAHS-012Z). Notes: Fold changes and P-values were calculated using student's t-test. a P-value ,0.05 and a fold change .2.0 were considered to be a significant dysregulation. (A) a list of upregulated and downregulated genes with fold change .2. The heat map (B) and scatterplot (C) generated are also shown. Abbreviations: PCR, polymerase chain reaction; ABL1, C-abl oncogene 1, nonreceptor tyrosine kinase; BCL2L10, BCL-2-like 10, apoptosis facilitator; BNIP3, BCL-2/ adenovirus E1B 19 kDa interacting protein 3; CASP3, caspase-3, apoptosis-related cysteine peptidase; CASP4, caspase-4, apoptosis-related cysteine peptidase; CASP5, caspase-5, apoptosis-related cysteine peptidase; cD40lg, cD40 ligand; cD70, cD70 molecule; ciDea, cell death-inducing DFFa-like effector a; cYcs, cytochrome, somatic; Faslg, Fas ligand (TnF superfamily, member 6); Mcl1, myeloid cell leukemia sequence 1; TnFrsF9, tumor necrosis factor receptor superfamily, member 9; TNFSF10, tumor necrosis factor (ligand) superfamily, member 10; TP73, tumor protein p73; TRAF3, TNF receptor-associated factor 3; BAG1, BCL-2-associated athanogene; BAG3, BCL-2-associated athanogene 3; BCL-2, B-cell CLL/lymphoma 2; BCL2A1, BCL-2-related protein A1; BIRC3, Baculoviral IAP repeat containing 3; BNIP3L, BCL-2/ adenovirus e1B 19 kDa interacting protein 3-like.
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evaluation of mrna expression of apoptotic-related genes by qPCR
Several genes with prominent proapoptotic function were upregulated in HBVEC cells after treatment with heme and confirmed by validation of qPCR (Figure 3 ), including BCL2L10, CD40LG, CD70, CIDEA, FASLG, TNFRSF9, TNFSF10, and TP73. Some genes for antiapoptosis were downregulated, such as BIRC3, BAG3, and BCL2A1.
evaluation of apoptosis-related gene products (protein) by Western blot
Several gene products with prominent proapoptotic function were upregulated in HBVEC cells after treatment with heme and confirmed by Western blot (Figure 4 ). They include FasL and TP73. Some genes for antiapoptosis, such as BCL-2, were downregulated.
apoptotic effects of heme on hBVec are mediated through TP73
Treating HBVEC with heme led to the induction of TP73 (Figures 2-4) . Early studies on human aortic endothelial cells (HAECs) have suggested that TP73 levels facilitate apoptosis. 18 To test the role of this protein in heme-induced apoptosis of HBVECs, cells were transfected with siRNA to p73 or a nontargeting control siRNA. The transfected cells were stimulated with heme (30 µM) for 24 hours, and apoptosis was examined by TUNEL staining. Compared to control ( Figure 5A-C) , it was found that approximately fivefold increase of untransfected cells underwent apoptosis after heme treatment ( Figure 5D-F and M) . Silencing of p73 decreased apoptosis to 3.5-fold compared with control siRNA-transfected cells upon heme treatment. Silencing of TP73f protects HBVEC from heme-induced apoptosis, suggesting that p73 is an effector in mediating apoptosis induced by heme ( Figure 5 ).
Discussion
We previously reported that heme induced 20%-50% of HBVEC cell death when treated with 10-40 µM of heme (consistent with serum heme levels in patients with severe malaria) for 24 hours with 20-30 µM causing maximum effects. 14 Reduced cell viability due to heme was further determined to be caused by cell apoptosis 14 and confirmed in the current study. In the present study, we used real-time RT 2 profile PCR array for apoptosis to analyze apoptotic gene expression profiles of HBVEC cells after heme treatment for 24 hours. Our results showed that heme causes cell death in HBVEC via the classical apoptotic pathway. DNA RT 2 profile PCR arraybased gene expression profiling detected 16 upregulated genes and six downregulated genes at a threshold of greater than twofold expression alteration (P,0.05) in the heme-treated HBVEC cells. Heme-induced upregulation of apoptotic genes include ABL1, BCL2L10, BNIP3, CASP3, CASP4, CASP5, CD40LG, CD70, CIDEA, CYCS, FASLG, MCL1, TNFRSF9, TNFSF10, TP73, and TRAF3, while downregulated genes are BAG1, BAG3, BCL-2, BCL2A1, BIRC3, and BNIP3L. Eleven genes (BCL2L10, CD40LG, CD70, CIDEA, FASLG, TNFRSF9, TNFSF10, TP73, BIRC3, BAG3, and BCL2A1) involved in cellular apoptosis were chosen for validation by qPCR analysis. The decrease in mRNA expression detected by microarray profiling was confirmed by qPCR for all eight genes (BCL2L10, CD40LG, CD70, CIDEA, FASLG, TNFRSF9, TNFSF10, and TP73), and the increase in mRNA expression detected by microarray profiling was confirmed by qPCR for three other genes (BIRC3, BAG3, and BCL2A1). At the level of protein, heme-mediated induction of FASLG and TP73 and reduction of BCL-2 were verified by Western blot. We conclude that heme is potently apoptotic to human brain microvascular ECs through multiple signaling pathways. This indicates that reducing or inhibiting the production of excess free heme may potentially reduce the adverse outcomes associated with microvascular EC programmed cell death associated with severe forms of malaria such as CM, severe malaria anemia, and other hemolytic diseases.
The role of Fas/FasL in regulating ECs apoptosis and angiogenesis is well understood. 19 The quiescent ECs express low levels of Fas; the expression of Fas and FasL is upregulated in activated ECs and when ECs are under hypoxic 
Notes:
The decrease in mRNA expression detected by microarray profiling was confirmed by qPCR for all eight genes (BCL2L10, CD40LG, CD70, CIDEA, FASLG, TNFRSF9, TNFSF10, and TP73), and the increase in mRNA expression detected by microarray profiling was confirmed by qPCR for another three genes (BIRC3, BAG3, and BCL2A1). *P,0.05; **P,0.01. Abbreviations: Bcl2l10, Bcl-2-like 10, apoptosis facilitator; cD40lg, cD40 ligand; cD70, cD70 molecule; ciDea, cell death-inducing DFFa-like effector a; Faslg, Fas ligand (TnF superfamily, member 6); TnFrsF9, tumor necrosis factor receptor superfamily, member 9; TNFSF10, tumor necrosis factor (ligand) superfamily, member 10; TP73, tumor protein p73; BIRC3, Baculoviral IAP repeat containing 3; BAG3, BCL-2-associated athanogene 3; BCL2A1, BCL-2-related protein A1; qPCR, quantitative polymerase chain reaction; Ctrl, control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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heme-mediated signaling pathways in endothelial apoptosis conditions or when stimulated by VEGF or TNF-α. [20] [21] [22] [23] Fas/ FasL has no effect on basal apoptosis. Membrane-associated FasL is usually cleaved by upstream molecules and then releases proapoptotic sFasL. For instance, in primary human brain microvascular ECs, plasminogen is activated by converting into plasmin, which can cleave membrane-associated FasL to sFasL. 19 sFasL binds to Fas receptor and FADDactivating caspase-8, the extrinsic apoptotic pathway, subsequently activating caspase-3 as well as poly (ADP-ribose) polymerase (PARP) and then causes cell apoptosis in vitro. 19 The presence of plasminogen activator inhibitor-1 (PAI-1) in the pericellular space inhibits the activation of plasminogen into plasmin by cell-associated urokinase-type plasminogen activator at the surface of ECs, preventing ECs from FasLmediated apoptosis. 19 PAI-1 is the potential therapeutic target for both tumor angiogenesis and vascular diseases. In primary mouse choroidal ECs, α1(IV)NCl is a potent inhibitor of EC growth, proliferation, migration, and tumor formation. α1(IV)NCl facilitates both intrinsic and extrinsic apoptosis pathways in the ECs, the former is via activation of caspase-3 and PARP cleavage by suppressing KAK/p38-MAPK/Bcl-2 and Bcl-xL signaling pathway 24 and the latter is through N-and C-terminal domains of α1(IV)NCl interacting with FasL and activating FasL as well as its downstream apoptotic molecules such as caspase-8, caspase-3, and PARP. 25 BCL-2 is a growing family of apoptosis regulatory gene products, which includes either death blockers (Bcl-2, Bcl-XL, Bcl-w, Bfl-1, Brag-1, Mcl-1, and A1) or death promoters (Bax, Bak, Bcl-Xs, Bad, Bid, Bik, and Hrk). 26 BCL-2 is localized at mitochondria, endoplasmic reticulum, and the nuclear envelope 27, 28 and has been shown to antagonize apoptosis without inducing cellular proliferation. 29, 30 Several studies have revealed that changes in BCL-2 levels in ECs are involved in physiological and pathological angiogenesis. VEGF can protect serum starvation-induced apoptosis of primary human umbilical vein endothelial cells through induction of BCL-2. 31 When a cytomegalovirus-driven BCL-2 expression vector was transduced into HBVECs, the overexpressed BCL-2 was sufficient to inhibit EC apoptosis induced by serum starvation; thus, BCL-2 is a novel VEGF target gene.
31
CD40LG (CD40L or CD154) is a member of the TNF family 32 expressed on the surface of vascular ECs, vascular smooth muscle cells, immune cells such as activated CD4 + T cells and platelets. Vascular dysfunction associated with vascular inflammation, oxidative stress, and a prothrombotic state is regulated by CD40L and its receptor CD40 interaction. [33] [34] [35] Both the membrane and a soluble CD40L (sCD40L) have similar proinflammatory effects on vascular cells. Nuclear factor-kappa B (NF-κB) is a crucial inter player in the CD40L-induced inflammatory network. CD40L activates the ECs, subsequently recruiting immune cells through NF-κB, while protein kinase C beta inhibition attenuated CD40L-induced NF-κB activation. 35 NF-κB is implicated in the TNF-αCD40 expression in ECs, while sirtuin 1 decreases the expression and activation of acetylated NF-κB p65.
TP73 is well documented for its role in the induction of apoptosis and cell cycle arrest. 36 In the present study, we found that heme had an effect on p73-mediated regulation of apoptosis in HBVECs, TP73 levels were found to be upregulated, and depletion of TP73 inhibited heme-induced apoptosis. TP73 maps to chromosome 1p36 and encodes a protein that is structurally homologous to the p53 protein. 37, 38 Several mechanisms by which TP73 induces endothelial apoptosis have been revealed. TNF-α is an inflammatory cytokine that shows dual roles in cardiac function and pathology. 18 Rastogi et al 18 found that upon TNF-α stimulation, apoptosis signal-regulating kinase 1 (ASK1) mediated Rb inactivation, promoting upregulation of the proapoptotic protein TP73α through E2F1 regulation. TNF-α can induce both cell survival and cell apoptosis pathways simultaneously; for instance, it activates cell program death in HAECs, whereas it enhances the proliferation of vascular smooth muscle cells using Rb-E2F signaling pathway. 39, 40 When HAECs were exposed to TNFα, ASK1 and TP73 levels were upregulated. Depletion of TP73α reduced TNF-α-induced apoptosis, implicating TP73α to be one of the primary contributors to EC apoptosis. Some studies documented that the apoptotic activity of TP73 needs the activated kinasecompetent c-Abl kinase, which is located upstream for TP73 to phosphorylate TP73 due to DNA damaging factors. 41, 42 Salimath et al demonstrated that expression of VEGF gene is inhibited by TP73. 37 As is well known, tumor cells and stromal cells express VEGF mRNA, while ECs express VEGF receptors VEGF-R1 and VEGF-R2. This expression pattern indicates that VEGF functions predominantly as a paracrine modulator of angiogenesis. 37 By studying the effect of ectopically expressed TP73 on the regulation of the VEGF gene using a cell line (Saos-2, osteosarcoma cell line), which has a homozygous deletion at the p53 gene locus 43 and has no detectable levels of endogenous TP73 protein, 44 they concluded that TP73 regulates EC survival functions by inhibiting VEGF expression in tumor cells. 37 Deciphering the mechanism(s) mediating fatal malaria pathogenesis continues to be a challenge to malaria researchers. 45 Recent studies indicate that increased levels of circulating free heme in plasma during malaria infection induces system inflammation that results in the damage of host brain microvascular endothelium leading to fatal CM pathogenesis.
12,46-48 Heme oxygenase (HO) is the rate-limiting step enzyme in the degradation of heme groups to biliverdin, carbon monoxide, and iron. HO-1 protects against cellular stress, including oxidative stress, heavy metal toxicity, UV radiation, and inflammation, and prevents deleterious effects of heme as well as mediates anti-inflammatory and antiapoptotic functions, [49] [50] [51] [52] which are necessary to facilitate the repair of injured tissues. 53 Thus, we propose that agents that effectively elevate HO-1 and reduce free plasma heme in the infected host coupled with appropriate antimalaria Drug Design, Development and Therapy 2016:10 submit your manuscript | www.dovepress.com
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heme-mediated signaling pathways in endothelial apoptosis treatments could significantly reduce or eliminate malariaassociated mortalities. 13, 14, 54 
